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(54) Atrial and ventricular capture detection and threshold-seeking pacemaker 



(57) Capture detection and stimulation threshold- 
measurement methods and apparatus for deriving atrial 
and ventricular pace pulse (A-pace and V-pace) stimu- 
lation energy strength-duration data. In a first atrial and 
ventricular threshold test regimen for use with patients 
having intact A-V conduction of first degree AV block. A- 
pace pulses are delivered at a test escape interval and 
A-V delay. Atrial loss of capture (ALOC) in response to 
an A-pace test stimulus is declared by the absence of a 
detected ventricular depolarization (V-event) in the latter 
portion of the paced A-V delay interval following the 
delivery of the A-pace test stimulus. In the ventricular 
threshold test regimen, a V-pace test stimulus is deliv- 
ered after a shortened A-V delay. Ventricular loss of 
capture (VLOC) is declared by the detection of a V- 
event in the ventricular refractory period of the V-pace 
test stimulus. In a second algorithm for use in the atrium 
or ventricle in patients having regular measured sinus 
rhythm, premature A-pace or V-pace test stimuli are 
delivered, and the presence of an A-event or V-event at 
the end of the measured sinus escape interval is 
declared to be ALOC or VLOC, respectively. A-pace 
and V-pace test stimuli are repeated to confirm capture 
declarations at an energy exceeding the LOC test 
energy. The atrial and ventricular stimulation threshold 
data derived by varying both pulse amplitude (strength) 
and width (duration) is stored in memory for telemetry 



out and analysts and for use in setting the V-pace and A- 
pace normal pulse width and amplitude used between 
successive auto-capture tests in order to conserve bat- 
tery energy. 
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Description 



The present invention generally relates to implanta- 
ble pacemakers and more particularly to an apparatus 
for testing and detecting capture of the heart in both 
chambers of the heart, deriving and storing stimulation 
signal threshold data and adjusting stimulation signal 
energy for energy efficiency. 

As described in commonly assigned U.S. Patent 
No. 5,320,643, a cardiac pacemaker is an electrical 
device used to supplant some or all of an abnormal 
hearts natural pacing function by delivering appropri- 
ately timed electrical stimulation signals designed to 
cause the myocardium of the heart to contract or "beat", 
i.e. to "capture" the heart Stimulation pulses provided 
by implanted pacemakers usually have well-defined 
amplitude and pulse width characteristics which can be 
adjusted by remote programming and telemetry equip- 
ment to meet physiologic and device power conserva- 
tion needs of the particular patient. 

The strength (amplitude) and duration (pulse width) 
of the pacing pulses must be of such an energy magni- 
tude above the stimulation threshold that capture is 
maintained to prevent serious complications and even 
death. Yet it is desirable for these energy magnitudes 
not to be higher than the stimulation threshold than is 
needed for a reasonable "safety margin" in order to pro- 
long battery life. The patient's stimulation thresholds in 
the atrium and ventricle often fluctuate in the short term, 
and gradually change in the long term. It has been clin- 
ically observed that the lowest stimulation threshold is 
observed immediately after implantation of the pace- 
maker (the acute threshold). Inflammation in the cardiac 
tissue around the tip of the pacing lead electrode drives 
the stimulation threshold up sharply during the first two 
to six weeks after implant to its highest level (the peak 
threshold), and greater pacing pulse energy is required 
to effect capture. Some of the inflammation reduces 
over the long-term, to lower the threshold below the 
peak level the chronic threshold. However, the chronic 
threshold does not reduce to the acute level, since 
some permanent fibrous tissue, requiring greater 
energy than non-fibrous tissue for signal propagation, 
remains around the electrode tip. In the short-term, 
thresholds may decrease with exercise, for example, 
and may increase with various activities, including 
sleep. Consequently, the safety margin is typically set 
by the physician on implantation of the pacemaker to 
account for projected maximal stimulation thresholds. 

As described in commonly assigned U.S. Patent 
No. 5,324,310. the post-operative determination of the 
stimulation thresholds by the physician typically 
requires the patient to be connected to surface ECG 
equipment while a threshold routine is conducted using 
the pacemaker programmer. The pacemaker program- 
mer remotely effects the successive temporary repro- 
gramming of the pulse width and/or amplitude to 
ascertain the points at which capture is lost, and a 



strength-duration curve may be plotted from the result- 
ing threshold data. In this process, pacing pulses are 
delivered to either heart chamber at a test pacing rate 
above the patient's own underlying rate, and the pace 
5 pulse energy is decreased from pulse to pulse in a pre- 
set pattern. The pacing pulses are observed on a <fs- 
play or paper tracing as spikes, and capture or loss of 
capture is observed by the presence or absence of the 
evoked cardiac response waveshape (a P-wave or an 
jo R-wave) that follows each spike. At loss of capture, the 
pacing pulse energy may be immediately restored so 
that the patient does not experience syncope. The 
resulting threshold data may be used to permanently 
reprogram the pulse energy. Naturally, such periodic 
y 5 patient studies are time consuming and expensive to 
conduct Moreover, they do not provide an indication of 
stimulation threshold fluctuation over the course of a 
patient's day and levels of activity. The life of the 
implantable pulse generator (IPG) is shortened as the 
20 battery is depleted at a rate higher than necessary to 
meet the patient's needs. 

As a result of these considerations, a great deal of 
effort has been expended over many years to develop 
IPGs having the capability of automatically testing the 
25 stimulation threshold, i.e. providing an "auto-capture" 
detection function, and resetting the pacing pulse 
energy to exceed the threshold by the safety margin 
without the need for clinical or patient intervention. A 
wide variety of approaches have been taken as 
30 reflected by the extensive listing of earlier patents 
described in the commonly assigned '310 and '643 pat- 
ents and in further U.S. Patent Nos. 5,165.404, 
5.165,405, 5,172,690. 5.222,493 and 5.285.780. 

In such IPGs, the capture detection approaches 
35 have taken a variety of forms typically in the attempt to 
overcome the difficulty in detecting the evoked cardiac 
response wave shape from the pacing electrodes 
employed to deliver the pacing pulse. The high stimula- 
tion energy pacing pulse and the ensuing after-poten- 
40 tials and electrode-tissue polarization artifacts mask the 
evoked response, and also saturate the sense amplifi- 
ers coupled to the electrodes, until they dissipate. 

By the time that the sense amplifier is no longer 
blinded, the evoked response, if any, has typically 
45 passed the electrodes. Many of the approaches that 
have been taken include blanking intervals for the sense 
amplifiers combined with efforts to suppress or attenu- 
ate or compensate electronically for the composite post- 
delivery signal levels at the sense amplifier input during 
so the blanking intervals to shorten the saturation period 
(and the blanking interval) as much as possible. 

Arteratively. the use of separate "far field" EGM 
amplifiers and electrode systems from those "near field" 
electrode systems used in delivering the pacing pulse 
55 have been proposed in a variety of configurations, as 
exemplified by the above referenced "310 patent. 

In a further approach, one or more physiologic sen- 
sors that show a response to the mechanical action of 
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the heart e.g. a piezoelectric or impedance sensor, or 
that show changes in physical properties of the blood 
when the heart is captured, e.g. Wood pH, temperature, 
impedance or blood pressure sensors on the pacing 
lead have also been suggested as exemplified by the 
above referenced '643 patent 

The function and accuracy of these approaches 
have been adversely affected by one or more factors 
including, but not limited to: myopotentiafs (electrical 
signals which are the product of muscle movement) in 
the case of EGMs; stray electromagnetic interference 
(EMI); problems with the sensor sensitivity (either too 
sensitive or not sensitive enough); and. in the case of 
pressure sensors, variations of the sensed electrical 
signals as a result of changes in thoracic pressure (for 
example, due to respiration, coughing or sneezing). 

In virtually all of the approaches, it is necessary to 
rely on additional components and circuitry which con- 
sume more energy and add to the bulk and cost of the 
system and raise reliability issues. The additional com- 
ponents and circuitry are increased further in dual 
chamber pacemakers, where the difficulty of detecting 
the evoked P-wave is further complicated by its rela- 
tively low amplitude. Very few of the numerous 
approaches of the prior art have been attempted in an 
implantable pacemaker system and fewer yet have 
been proven clinically useful and commercially suc- 
cessful. 

Perhaps the closest references to approach these 
problems are international publication WO- A-94/1 2237 
and U.S. Patent No. 4,729,376, neither of which solves 
the problems. 

US 4,729.376 discloses a dual chamber pace- 
maker having variable escape interval timing means for 
establishing an atrial normal pacing rate escape interval 
and an atrial test escape interval; atrial pace pulse gen- 
erator means for generating an atrial pace pulse at said 
atrial electrodes at the end of said atrial normal rate 
escape interval in the absence of an atrial sensed event 
signal at a normal pace pulse energy; atrial sensing 
means coupled to said atrial electrodes for generating 
an atrial sensed event signal in response to a natural 
depolarization of atrial tissue during at least a major 
portion of said atrial normal rate escape interval; atrial - 
venricular delay timing means fa establishing an A-V 
delay interval commencing in timed relation to an atrial 
sensed event signal or an atrial pace pulse; ventricular 
sensing means coupled to said ventricular electrodes 
for generating a ventricular sensed event signal in 
response to a depolarization of ventricular tissue; ven- 
tricular pace pulse generator means for generating a 
ventricular pace pulse at said ventricular electrodes at 
the end of said A-V delay interval in the absence of a 
ventricular sensed event signal detected within said A-V 
delay interval; means for establishing a ventricular 
refractory period time interval delivery of a ventricular 
pace pulse; ventricular stimulation threshold test means 
periodically operable for initiating a ventricular stimula- 



tion threshold test. 

In view of the foregoing, it is a first object of the 
present invention to provide a cardiac pacemaker hav- 
ing a capture detection feature in which atrial and ven- 

5 tricular capture may be detected and distinguished 
without the use of any additional components. e.g. spe- 
cial leads, electrodes or sensors or additional circuitry 
that are normally present in a micro-processor based 
dual chamber IPG. 

io Accordingly, the present invention provides a dual 
chamber pacemaker pulse generator for attachment 
with atrial and ventricular pacing and sensing elec- 
trodes for pacing a patient's heart in the atrium and the 
ventricle at adjustable atrial and ventricular pacing 

15 pulse energies comprising: 

variable escape interval timing means for establish- 
ing an atrial normal pacing rate escape interval and 
an atrial test escape interval; 
20 atrial pace pulse generator means for generating 
an atrial pace pulse at said atrial electrodes at the 
end of said atrial normal rate escape interval in the 
absence of an atrial sensed event signal at a nor- 
mal pace pulse energy; 
25 atrial sensing means coupled to said atrial elec- 
trodes for generating an atrial sensed event signal 
in response to a natural depolarization of atrial tis- 
sue during at least a major portion of said atrial nor- 
mal rate escape interval; 
30 atrial-venricular delay timing means for establishing 
an A-V delay interval commencing in timed relation 
to an atrial sensed event signal or an atrial pace 
pulse; 

ventricular sensing means coupled to said verrtricu- 
35 lar electrodes for generating a ventricular sensed 
event signal in response to a depolarization of ven- 
tricular tissue; 

ventricular pace pulse generator means for gener- 
ating a ventricular pace pulse at said ventricular 
40 electrodes at the end of said A-V delay interval in 
the absence of a ventricular sensed event signal 
detected within said A-V delay interval; 
means for establishing a ventricular refractory 
period time interval delivery of a ventricular pace 
45 pulse; 

ventricular stimulation threshold test means period- 
ically operable for initiating a ventricular stimulation 
threshold test further comprising: 
means for operating said escape interval timing 
so means at an atrial pace test escape interval and 
said atrial-ventricular delay timing means at a test 
A-V delay interval commencing in timed relation to 
the delivery of an atrial pace pulse; 
means for operating said atrial pace pulse genera- 
55 tor means to generate an atrial pace pulse at the 
end of the atrial pace test escape interval at an 
atrial pace pulse energy sufficient to ensure that 
atrial capture is achieved and that a conducted ven- 
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tricular depolarization follows outside said test A- V 
delay interval; and 

means for initiating the delivery of a ventricular 
pace test stimuli by said ventricular pace pulse gen- 
erator means at the end of said test A-V delay inter- s 
val which is timed to render the patient s ventricle 
refractory to subsequent depolarization by the con- 
ducted ventricular depolarization, if the ventricular 
pace test stimuli captures and depolarizes the ven- 
tricle; and 

ventricular capture detection means responsive to 
said ventricular sensing means for declaring ven- 
tricular capture by the absence of a ventricular 
sensed event signal in the ventricular refractory 
period following delivery of the ventricular pace test 
stimulus; and 

test pacing cycle repeating means for reducing the 
ventricular pace test stimulus energy and repeating 
the delivery of successive atrial pace pulses and 
ventricular pace test stimuli at each test stimulus 
energy separated by the test escape interval and 
shortened A-V interval of the test pacing cycle. 

It is a further object of the invention, in a dual cham- 
ber pacemaker, to measure atrial stimulation thresholds 
by applying a test stimulus in the atrium and detecting 
loss of capture of the atrium in the ventricle from the 
absence of a conducted ventricular depolarization 
occurring within a certain atrial-verrtricular time interval 
following delivery of the atrial stimulus. 

It is a still further object of the invention, in a dual 
chamber pacemaker, to measure ventricular stimulation 
thresholds by applying a test stimulus in the ventricle 
following delivery of an atrial pace pulse and detecting 
loss of capture from the presence of a conducted ven- 
tricular depolarization in an atriai-ventricular time win- 
dow following delivery of the ventricular stimulus. 

It is yet another object of the invention to measure 
either atrial or ventricular stimulation thresholds in the 
atrium or the ventricle, respectively, by applying a test 
stimulus prematurely timed with respect to a previous 
atrial or ventricular beat and detecting loss of capture 
from the presence of an atrial or ventricular beat follow- 
ing the earlier beat at the end of the expected sinus 
escape interval. 

It is yet a further object of the present invention to 
provide a regimen for periodic atrial and ventricular 
threshold testing and derivation of atrial and ventricular 
strength-duration data, adjusting the atrial and ventricu- 
lar pacing pulse amplitude and width in relation to the 
atrial and ventricular threshold data, storing the data 
and reading out the data and current pacing pulse 
amplitudes and widths on command of an external pro- 
grammer. 

These and other objects of the invention are real- 
ized in automatic capture detection and stimulation 
threshold-seeking deterministic operating steps 
employing or requiring apparatus for use with a dual 



chamber or a single chamber cardiac pacemaker IPG 
operating to perform the above stated objects to derive 
atrial and/or ventricular pace pulse ( A-pace and V-pace) 
stimulation energy strength-duration data. 

In a first aspect of the invention particularly for use 
with patients having intact and regular A-V conduction 
or first degree block, in an atrial and ventricular thresh- 
old test regimen, A-pace pulses are delivered at a test 
escape interval and A-V delay. Atrial loss of capture 
(ALOC) in response to a triggered A-pace test stimulus 
is declared by the absence of a detected ventricular 
depolarization (V-event) in the latter portion of the 
paced A-V delay interval following the delivery of the A- 
pace test stimulus. In the ventricular threshold test regi- 
men, a V-pace test stimulus is delivered after a short- 
ened A-V delay from the preceding A-pace. Ventricular 
loss of capture (VLOC) is declared by the detection of a 
V-event in the ventricular refractory period of the V-pace 
test stimulus. 

In a second aspect of the invention, for use in the 
atrium or ventricle in patients having regular measured 
sinus rhythm, premature A-pace or V-pace test stimuli 
are delivered at a test escape interval set as a fraction 
of the average measured escape interval. The presence 
of a following A-event or V-event, respectively, outside a 
not reset window set to be somewhat longer than the 
test escape interval is declared to be ALOC or VLOC, 
respectively. Preferably, in this embodiment, the test 
stimuli energy in pulse width and amplitude is increased 
until CAPTURE is declared so that the patient's normal 
rhythm is not disturbed frequently during the test. 

A-pace and V-pace test stimuli are repeated to con- 
firm capture declarations at an energy exceeding the 
LOC test energy. The atrial and ventricular stimulation 
threshold data derived by varying both pulse amplitude 
(strength) and width (duration) at both LOC and capture 
test values is stored in memory for telemetry out and 
analysis and also for use in setting the V-pace and A- 
pace normal pulse width and amplitude used between 
successive threshold measurement tests. 

The resulting A-pace and V-pace stimulation 
threshold pulse amplitudes and pulse widths may be 
stored in existing memory for retrieval using existing 
telemetry and external programmers. In the IPG. the 
normal A-pace and/or V-pace pulse widths and ampli- 
tudes may be changed, if appropriate, from the pro- 
grammed or previously set values taking the 
appropriate safety margin into account in order to con- 
serve battery energy. 

Advantageously, the present invention may be 
applied to a programmable single chamber IPG or a 
multi-programmable DDD(R) IPG by simply storing the 
operating algorithm in memory to periodically perform 
the threshold measurement steps. No additional cir- 
cuitry, sensors or other components are necessary to 
practice the invention. The pacemaker pulse generator 
is effectively re-configured to establish threshold test A- 
pace and/or V-pace escape intervals, A-V delay inter- 
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vals. and other timing intervals, to operate the atrial 
and/or ventricular pulse generators to deliver the A- 
pace and/or V-pace test stimuli at varying pulse widths 
and amplitudes, to process the V-everrt signals of the 
ventricular sense amplifier and to declare ALOC and 
VLOC at the stimulation threshold for A-pace and V- 
pace pulse width and arrplitude. 

These and other advantages, objects and features 
of the invention will be further understood when refer- 
ence is made to the following description, given by way 
of example only, taken in conjunction with the accompa- 
nying drawings, in which: 

Figure 1 is an illustration of a dual chamber pace- 
maker according to the present invention in con- 
junction with an associated set of cardiac pacing 
leads, illustrated as located in a cutaway view of a 
human heart; 

Figure 2 is a functional block diagram of the dual 
chamber pacemaker illustrated in Figure 1 in con- 
junction with an external programmer/monitoring 
unit, for use in performing the atrial and ventricular 
capture detection and auto threshold setting func- 
tions of the present invention; 
Figure 3 is a block diagram of the dual chamber 
pacemaker illustrated in Figures 1 and 2, illustrating 
the functional components of the device in more 
detail; 

Figure 4 is a flow chart of the overall operation of 
the pacemaker of Figures 1-3; 
Figure 5 is a typical strength-duration curve for car- 
diac stimulation signals; 

Figure 6 is a simplified timing diagram illustrating 
operations of the algorithm for testing atrial stimula- 
tion threshold levels and discriminating capture 
from loss of capture; 

Figure 7 is a simplified timing diagram illustrating 
operations of the algorithm for testing ventricular 
stimulation threshold levels and discriminating cap- 
ture from loss of capture; 

Figures 8 and 9 taken together depict the algorithm 
of one embodiment of the present invention for 
automatically conducting atrial and ventricular 
threshold tests and deriving atrial and ventricular 
strength-duration stimulation threshold data there- 
from; and 

Figure 10 depicts the algorithm of a further embod- 
iment of the present invention for automatically con- 
ducting atrial or ventricular threshold tests in the 
same heart chamber and deriving atrial and ven- 
tricular strength-duration stimulation threshold data 
therefrom. 

In accordance with a first aspect of the invention, 
the invention is incorporated into a dual chamber IPG as 
described in the following Figures 1-9 particularly for 
use with patients having intact and regular AV conduc- 
tion or first degree AV block In a further aspect of the 



invention, an algorithm is set forth in Figure 10 for mak- 
ing threshold measurements in a single chamber pace- 
maker or in a single chamber of a dual chamber 
pacemaker, particularly for patients only needing single 

5 chamber pacing or lacking intact, regular AV conduc- 
tion. The following detailed description of a multi-pro- 
grammable, rate responsive, dual chamber IPG and 
remote programmer provides a preferred mode in which 
either or both aspects of the invention may be incorpo- 

w rated. It will be understood that the single chamber 
pacemaker or pacing modes would selectively incorpo- 
rate features of the particularly described IPG and pro- 
grammer architecture as necessary. 

Figure 1 illustrates the external configuration of a 

is dual chamber IPG 26, which is provided with a hermeti- 
cally sealed enclosure 18. typically fabricated of bio- 
compatible metal such as titanium. Mounted to the top 
of the enclosure 18 is a connector block assembly 12, 
which receives electrical connectors located on the 

20 proximal ends of leads 14 and 16. The combination of 
the leads 14 and 16 and the IPG 26 constitutes an 
implantable pacemaker. Figures 1-3 and related Figure 
4 are described in US. Patent No. 5,507,782, filed 
March 17, 1994, entitled METHOD AND APPARATUS 

25 FOR DUAL CHAMBER CARDIAC PACING. 

Lead 16 is an atrial bipolar pacing lead, carrying 
two electrodes 20 and 22. Electrodes 20 and 22 are 
used both to sense atrial depolarizations (P-waves) and 
to deliver atrial pacing pulses. Atrial pacing pulses may 

30 be delivered between electrodes 20 and 22 in a bipolar 
pacing mode or between electrode 22 and the housing 
18 of the IPG 26 in a unipolar pacing mode. Sensing of 
P-waves may occur between electrode 20 and elec- 
trode 22 in a bipolar sensing mode or between either of 

35 electrode 20 and 22 and the housing 1 8 of the IPG 26 in 
a unipolar sensing mode. 

Similarly, lead 14 represents a ventricular bipolar 
pacing lead, carrying two electrodes 28 and 30. As dis- 
cussed above in conjunction with atrial lead 16. elec- 
ta trodes 28 and 30 are used to sense and pace the 
ventricle. Bipolar ventricular pacing may be accom- 
plished between electrodes 30 and 28 or unipolar ven- 
tricular pacing may be accomplished between electrode 
30 and the conductive housing 18 of IPG 26. Sensing of 

45 ventricular depolarizations or R-waves may be accom- 
plished between electrodes 30 and 28 in a bipolar sens- 
ing mode or between either of electrodes 30 and 28 and 
the housing 18 of the IPG 26 in a unipolar sensing 
mode. 

so As discussed below, the specific embodiment of the 
IPG 26 disclosed preferably operates in a DDD or 
DDDR pacing mode, wherein pacing pulses are deliv- 
ered to both atrium and ventricle and wherein sensed 
atrial and ventricular depolarizations are both effective 

55 to inhibit delivery of the next scheduled pacing pulse in 
the chamber in which they are detected. The atrial and 
ventricular capture detection from the ventricular elec- 
trodes afforded by the present invention is believed opti- 
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mally practised in a pacemaker operating in ODD, DDI. 
DVI, DDDR, DVIR and DDIR pacing modes. 

Figure 2 illustrates the IPG 26 in block diagram 
form, coupled to a human heart 10 through the leads 
14.16, in conjunction with an external programmer 40 
corresponding to those typically employed to program 
modem, multi-programmable implantable pacemakers. 
Within the housing of the IPG 26 are located the pacing 
circuitry 320, which includes circuitry performing all of 
the basic timing, stimulation and sensing functions of a 
DDD or DDDR cardiac pacemaker, and a microcom- 
puter circuit 302, which controls the timing intervals pro- 
vided by the pacing circuitry 320. Pacing circuitry 320 
also includes a bi-directional telemetry circuit coupled to 
an antenna 334, allowing transmission of information 
from external programmer 40 into the IPG 26 to modify 
its parameters and allowing transmission of information 
from the IPG 26 to the external programmer 40, again 
generally corresponding to telemetry and programming 
systems presently existing in commercially marketed 
multi-programmable implantable pacemakers. 

The programmer 40 also includes a telemetry 
antenna 100 coupled to a telemetry/antenna driver cir- 
cuit 102 which serves to demodulate telemetry signals 
received from antenna 334 of the IPG 26, and to apply 
them in parallel or serial digital format to input/output 
(I/O) unit 108. The telemetry signals in turn may be 
applied to a video monitor 112, via graphic interface 
110, and/or provided to central processing unit 114 
and/or printer 118. Microprocessor 114 controls the 
operation of the programmer 40 and is responsive to 
physician entered commands via keyboard 1 16, for con- 
trolling programming signals sent to the IPG 26 and 
operation of the video display 1 12 and printer 1 18. Also 
illustrated in Figure 2 is an ECG interface 104 coupled 
to three ECG electrodes 106 which are intended to be 
placed upon the patient s body. ECG interface 104 pro- 
vides sensed electrograms to input/output device 108, 
where they in turn may be provided to the video display 
1 12, the central processing unit 114 or the printer 1 18. 

Figure 3 is a more detailed functional block diagram 
of the pacemaker illustrated in Figures 1 and 2, as con- 
nected to a human heart 10. The combined IPG circuit 
300 illustrated is all located within the conductive hous- 
ing 18 of the IPG 26 as illustrated in Figure 1 . The bipo- 
lar leads 14 and 16 are illustrated schematically as 
coupled directly to the input/output circuit 30. However, 
in the actual implantable device they would, of course, 
be coupled by means of removable electrical connec- 
tors inserted in the connector block 12 illustrated in Fig- 
ure 1. 

The IPG circuit 300 is divided generally into a 
microcomputer circuit 302 and a pacing circuit 320. An 
output amplifier circuit 340 includes a ventricular pulse 
generator circuit coupled to the ventricle of the heart 10 
by means of electrodes 30 and 28 on lead 1 4 as well as 
an atrial pulse generator circuit coupled to the atrium of 
heart 10 by means of atrial electrodes 20 and 22, 



located on lead 16. Similarly, sense amplifier circuit 360 
includes atrial and ventricular sense amplifiers coupled 
to the atrium and ventricle, respectively, by means of 
leads 14 and 16. The output circuit 340 and sense 

5 amplifier circuit 360 may contain pulse generators and 
sense amplifiers corresponding to any of those pres- 
ently employed in commercially marketed cardiac pace- 
makers. For purposes of explaining the present 
invention, it will be assumed that the atrial electrodes 

w 20. 22 and the ventricular electrodes 28, 30 are coupled 
to the atrial and ventricular sense amplifiers and pulse 
generators, respectively, for pacing and sensing in the 
bipolar mode. 

Sensed atrial depolarizations or P -waves that are 

75 confirmed by the atrial sense amplifier (A-event) in 
response to an A-sense are communicated to the digital 
controller/timer circuit 330 on A-event line 352. Simi- 
larly, ventricular depolarizations or R-waves that are 
confirmed by the ventricular sense amplifier (V-event) in 

20 response to V-sense are communicated to the digital 
controller/timer circuit 330 on V-event line 354. In order 
to trigger generation of a ventricular pacing or V-pace 
pulse, digital controller/timer circuit 330 generates a 
trigger signal on V-trig line 342. Similarly, in order to trig- 

25 ger an atrial pacing or A-pace pulse, digital control* 
ler/timer circuit 330 generates a trigger pulse on A-trig 
line 344. 

Control of timing and other functions within the pac- 
ing circuit 320 is provided by digital controller/timer cir- 

30 cuit 330, which includes a set of timers and associated 
logic. Digital controller/timer circuit 330 defines the 
basic pacing or escape interval, which may take the 
form of an A-A escape interval initiated on atrial sensing 
(A-event) or pacing (A-pace) and triggering atrial pacing 

35 (A-pace) at the expiration thereof or may take the form 
of a V-V escape interval, initiated on ventricular sensing 
(V-event) or pacing (V-pace) and triggering ventricular 
pulse pacing (V-pace) at the expiration thereof. Digital 
controller/timer circuit 330 similarly defines the A-V 

40 delay intervals SAV and PAV that commence following a 
sensed A-event and a delivered A-pace. respectively. 
The specific values of the intervals defined are control- 
led by the microcomputer circuit 302 by means of data 
and control bus 306 from programmed in parameter val- 

45 ues and operating modes. 

Digital controller/timer circuit 330 also defines time 
intervals for controlling operation of the atrial and ven- 
tricular sense amplifiers in sense amplifier circuit 360. 
Typically, digital controller/timer circuit 330 defines an 

so atrial blanking interval following delivery of an A-pace 
pulse, during which atrial sensing is disabled, as well as 
ventricular blanking intervals following atrial and ven- 
tricular pacing pulse delivery, during which ventricular 
sensing is disabled. Digital controller/timer circuit 330 

55 also defines an atrial refractory period (ARP) during 
which atrial sensing is disabled or the A-event is ignored 
for the purpose of resetting the escape interval. The 
ARP extends from the beginning of the SAV or PAV 
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interval following either an A-event or an A-trig and until 
a predetermined time following sensing of a ventricular 
depolarization or triggering the delivery of a V-pace 
pulse. Digital controller/timer circuit 330 similarly 
defines a ventricular refractory period (VRP), which is 5 
typically shorter than the portion of the ARP following 
ventricular sensing or pacing, following either a V-everrt 
or V-trig. In the case of an ectopic V-event, both VRP 
and a post-ventricular atrial refractory period (PVARP) 
defined by the digital controller/timer circuit 330 sepa- 
rately from the ARP may be generated. The durations of 
the ARP, PVARP and VRP may also be selected as a 
programmable parameter in the microcomputer 302. 
Digital controller/timer circuit 330 also controls sensitiv- 
ity settings of the sense amplifiers 360 by means of sen- 
sitivity control 350. 

In the embodiment illustrated in Figure 3, the IPG 
26 is provided with a piezo electric sensor 316 which is 
intended to monitor patient activity, in order to allow pro- 
vision of DDDR rate responsive pacing, such that the 
defined pacing rate (A-A escape interval or V-V escape 
interval) increases with increased demand for oxygen- 
ated blood. Sensor 316 generates electrical signals in 
response to sensed physical activity which are proc- 
essed by activity circuit 322 and provided to digital con- 
troller/timer circuit 330. Activity circuit 332 and 
associated sensor 316 may correspond to the circuitry 
disclosed in U.S. Patent No. 5,052,388, issued to Bet- 
zold et al.. and U.S. Patent No. 4,428,378, issued to 
Anderson et al. which provide understanding of prior 
art. Similarly, the present invention may be practiced in 
conjunction with alternative types of sensors such as 
oxygenation sensors, pressure sensors, pH sensors 
and respiration sensors, all well known for use in provid- 
ing rate responsive pacing capabilities. As stated above, 
the present invention may also be practiced in non-rate 
responsive pacemakers. 

Data transmission to and from the external pro- 
grammer 40 illustrated in Fig. 2 is accomplished by 
means of the telemetry antenna 334 and an associated 
RF transmitter and receiver 322, which serves both to 
demodulate received downlink telemetry and to transmit 
uplink telemetry. For example, circuitry for demodulating 
and decoding downlink telemetry may correspond to 
that disclosed in U.S. Patent No. 4,556,063 issued to 
Thompson et al. and U.S. Patent No. 4,257.423 issued 
to McDonald et al., while uplink telemetry functions may 
be provided according to U.S. Patent No. 5,127,404 
issued to Wyborny et al. and U.S. Patent No. 4,374,382 
issued to Markowitz. Uplink telemetry capabilities will 
typically include the ability to transmit stored digital 
information as well as real time or stored EGMs of atrial 
and/or ventricular electrical activity (according to the 
teaching of the above-cited Wyborny patent), as well as 
transmission of Marker Channel pulses indicating the 55 
occurrence of sensed and paced depolarizations in the 
atrium and ventricle, as disclosed in the cited Markowitz 
patent. 



In addition, in the context of the present invention, 
stimulation threshold data from a series of auto-capture 
test stimulation pace events may be stored in the RAM 
310 or the RAM/ROM unit 314 of microcomputer 302 for 
later telemetry out on command of the programmer 40. 
This data may be encoded in digital form and transmit- 
ted via RF transmitter 332 and antenna 334 to the exter- 
nal programmer 40 for display and/or analysis in the 
form of atrial and ventricular strength-duration curves 
described below with reference to Figure 5. 

Crystal oscillator circuit 338 provides the basic tim- 
ing clock for the pacing circuit 320, while battery 318 
provides power. Power-on-reset circuit 336 responds to 
initial connection of the circuit to the battery for defining 
an initial operating condition and similarly, resets the 
operative state of the device in response to detection of 
a low battery condition. Reference mode circuit 326 
generates stable voltage reference and currents for the 
analog circuits within the pacing circuit 320, while ana- 
log to digital converter ADC and multiplexor circuit 328 
digitizes analog signals and voltage to provide real time 
telemetry of cardiac signals from sense amplifiers 360, 
for uplink transmission via RF transmitter and receiver 
circuit 332. Voltage reference and bias circuit 326, ADC 
and multiplexor 328, power-on-reset circuit 336 and 
crystal oscillator circuit 338 may correspond to any of 
those presently used in current marketed implantable 
cardiac pacemakers. 

Microcomputer 302 controls the operational func- 
tions of digital controller/timer 324, specifying which tim- 
ing intervals are employed, and controlling the duration 
of the various timing intervals, via data and control bus 
306. Microcomputer 302 contains a microprocessor 304 
and associated system clock 308 and on-processor 
RAM and ROM chips 310 and 312. respectively. In addi- 
tion, microcomputer circuit 302 includes a separate 
RAM/ROM chip 314 to provide additional memory 
capacity. Microprocessor 304 is interrupt driven, operat- 
ing in a reduced power consumption mode normally, 
and awakened in response to defined interrupt events, 
which may include the A-trig, V-trig, A-event and V-event 
signals. 

As described above, if the IPG is programmed to a 
rate responsive mode, the patient's activity level is mon- 
itored periodically and the escape interval is adjusted 
proportionally. A timed interrupt, e.g., every two sec- 
onds, may be provided in order to allow the microproc- 
essor 304 to analyze the output of the activity circuit 322 
and update the basic escape interval (A-A or V-V) of the 
IPG. The microprocessor 304 may also define variable 
A-V intervals and variable ARPs and VRPs which vary 
with the escape interval established in response to 
patient activity For example, the microprocessor 304 
may specify a variable rate adaptive decrement interval 
(RAD) to be subtracted from the defined A-V delay inter- 
vals when the heart rate (paced or sensed) is above a 
defined resting or "start" rate. Similarly microprocessor 
304 may define ARPs and/or VRPs which decrease in 
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duration in relation to an increase in sensed or paced 
heart rate above the start rate. 

The illustrated IPG block diagram of Figure 3 is 
merely exemplary, and corresponds to the general func- 
tional organization of most multi-programmable micro- 
processor controlled DDD(R) cardiac pacemakers 
presently commercially available. It is believed that the 
present invention is most readily practiced in the context 
of such a device, and that the present invention can 
therefore readily be practiced using the basic hardware 
of existing microprocessor controlled dual chamber 
pacemakers, as presently available, with the invention 
implemented primarily by means of modifications to the 
software stored in the ROM 312 of the microcomputer 
circuit 302. However, the present invention may also be 
usefully practiced by means of a full custom integrated 
circuit, for example, a circuit taking the form of a state 
machine as set forth in the above-cited Betzold et al. 
patent, in which a state counter serves to control an 
arithmetic logic unit to perform calculations according to 
a prescribed sequence of counter controlled steps. As 
such, the present invention should not be understood to 
be limited to a pacemaker having an architecture as 
illustrated in Figure 3. and a circuit architecture as illus- 
trated in Figure 3 is not believed to be a prerequisite to 
enjoying the benefits of the present invention. 

Figure 4 is a functional flow chart of the normal 
operation of the pacemaker illustrated in Figures 1 . 2 
and 3 in ODD pacing mode. For the sake of simplicity, 
functional steps corresponding to the provision of 
refractory and blanking periods have been omitted, to 
allow for easier understanding of the overall operational 
mode. In the flow chart of Figure 4, it is assumed that 
the basic timing of the device is based around of the 
definition of an atrial escape interval (A-A interval) 
which may be fixed or may vary as a result of the output 
of the physiologic sensor, e.g. the activity sensor 316 of 
Figure 3 in a manner described above. This A-A interval 
is reset at block 400. along with the current A-V delay 
intervals SAV and PAV. During the A-V delay interval the 
device awaits either time out of the current A-V delay 
interval (PAV or SAV) at block 402 or ventricular sensing 
at block 406. If ventricular sensing (V-event) does not 
occur prior to A-V delay interval time out, a ventricular 
pacing pulse is generated at block 404 at the end of the 
A-V interval, and the values of the A-V intervals are 
updated, if necessary, at block 410. 

If a ventricular depolarization or V-event is sensed 
at block 406, prior to expiration of the current A-V delay 
interval, the pacemaker's timing may optionally be reset 
at block 408 to deliver an atrial pacing pulse at a V-A 
escape interval (thereafter equal to the A-A escape 
interval minus the current A-V delay interval), or the 
device may proceed directly to updating the A-V delay 
intervals at block 41 0, and not alter the timing of the next 
scheduled atrial pacing pulse at the expiration of the A- 
A escape interval. 

Following update of the base A-V delay interval at 



block 410. the device awaits expiration of the A-A (or 
optionally the V-A) escape interval at block 416. sensing 
of a ventricular depolarization at block 420 outside of 
the VRP. or sensing of an A-event at block 422. outside 

5 of the ARP. If the A-A (or V-A) escape interval expires at 
block 416 without any intervening A-event or V-event 
sensing, an A-pace pulse is generated at block 4 1 4. and 
the next succeeding A-V delay interval is defined to be 
equal to PAV at block 412. followed by reset of the A-A 

10 escape interval and the A-V delay interval at block 400. 
In the event that a V-event is sensed at block 420 
prior to expiration of the A-A escape interval, the timing 
is reset to trigger an A-pace at the expiration of the V-A 
interval (A-A escape interval minus PAV). A V-event 

is sensed at this point is not effective to trigger an update 
of the SAV and PAV intervals. 

If an A-event is sensed at block 422. prior to expira- 
tion of the A-A (or V-A) interval, the subsequent A-V 
interval is defined to be equal to SAV at block 424. and 

20 the A-A escape and A-V delay intervals are reset at 
block 400. 

In the normal, everyday operation of the IPG, the A- 
pace and V-pace pulse energy in each case may be 
established initially by programming the pulse widths 

25 and amplitudes postoperatively or at a later patient 
examination. The programmed values are later, in the 
practice of the present invention, periodically adjusted 
automatically so that the normal values may fluctuate 
from the programmed values. 

30 The other time interval values, including the A-A 
escape interval, the PAV delay interval, the ARP. VRP 
and any other time intervals defined by operating algo- 
rithms at any particular time are stored in either ROM or 
RAM and are fetched and used as described above. 

35 Thus, in the operations of the IPG in either the general 
algorithm of Figure 4 or in the strength-duration (SD) 
algorithms described below, the specified time intervals 
may be fetched and employed in each designated step 
in response to the trigger or event signals designated in 

40 any of the algorithms. 

Details of the stimulation threshold measurement 
and capture restoration features of the first aspect of the 
present invention incorporated into a dual chamber 
pacemaker of the type described above and of the sec- 

45 ond aspect of the invention incorporated into a single 
chamber pacemaker or the single chamber of a dual 
chamber pacemaker follow below. First the S-D charac- 
teristics taken into account in the operation of the inven- 
tion are described in reference to Figure 5. 

so Figure 5 shows a typical S-D curve for electrical 
stimulation of myocardial tissue plotted as pulse ampli- 
tude in volts versus pulse width in milliseconds corre- 
sponding generally to Figure 2 of the above-referenced 
'643 patent. The graph shows, inter a//a, that the stimu- 

55 lation threshold increases with a decreasing pulse 
width, and thus decreases with an increasing pulse 
width, except that beyond the Rheobase 200, no further 
reductions in the amplitude threshold can be achieved. 
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Thus, increasing the pulse width beyond about one mil- 
lisecond (in the example shown) still requires a thresh- 
old of 0.5 volts. Also included on the graph for illustrative 
purposes is the Chronaxia 202, a measure of myocar- 
dial excitability, which is the point representing the low- 5 
est pulse width needed to have an amplitude threshold 
equal to twice the Rheobase threshold. 

tt is well known in the art to provide a safety margin 
between the actual delivered pacing pulse width and 
amplitude and the stimulation thresholds appearing in 
the strength-duration curve. However, as previously 
stated, the amount of the safety margin may change 
over time and must be balanced against the need to 
maximize battery life, as increased amplitude and pulse 
width will cause a greater battery energy consumption. 
Physiological changes in the patient may alter the 
thresholds from the initial programmed value or values, 
and can lead to loss of capture, with inadequate ampli- 
tude or pulse width. 

In accordance with the first aspect of the present 
invention, this normal pacing operation is departed from 
on a periodic schedule to operate under the control of 
the SD algorithms of Figures 8 and 9 for deriving both 
atrial and ventricular stimulation threshold data for stor- 
age in memory for telemetry out and analysis and also 
for use in setting the V-pace and A-pace normal pulse 
width and amplitude used between successive auto- 
capture tests in order to conserve battery energy. The 
pacemaker circuit 300 operating in accordance with this 
first aspect of the present invention is capable of detect- 
ing ALOC and VLOC in patients having a regular and 
predictable A-V conduction or first degree A-V block. 

The pacemaker circuit 300 following the ASD algo- 
rithm of Figure 8 looks for a V-event response to a pre- 
mature A-pace test stimulus during the latter portion of 
the PAV delay interval and declares ALOC when no V- 
everrt is detected in that interval. Following the VSD 
algorithm of Figure 9. the pacemaker circuit 300 looks 
for a V-event in the VRP following a V-pace test stimulus 
delivered at the end of a test PAV interval started by an 
A-pace and declares VLOC when a V-event is detected 
in the VRP. 

The microcomputer 302 may be programmed with 
these algorithms to periodically, e.g. every night at a 
certain time when the patient would be sleeping, auto- 
matically adjust the A-pace and V-pace output ampli- 
tude and pulse width to test for atrial and ventricular 
stimulation thresholds. The process followed derives 
and stores in RAM the Rheobase and Chronaxie stimu- 
lation threshold values resulting from the tests for later 
telemetry out and uses the values to automatically reset 
the normal pacing pulse width and amplitude, reflecting 
a safety margin, until the next test is conducted. In the 
process of testing for the thresholds, capture is restored 
on detection of ALOC and VLOC by applied backup A- 
pace or V-pace pulses at programmed pulse width and 
amplitude energy. 

The automatically adjusted parameter (amplitude 



or pulse width) is referred to herein as the test stimulus 
lest value", and the other parameter is referred to 
herein as the test stimulus "fixed value". The test value 
is adjusted throughout the stimulation threshold deter- 
mination and recovery procedure described below 
(applicable to either ALOC or VLOC). The fixed value 
remains constant until the derivation of the LOC thresh- 
old values of the test value as described below. 

The present invention provides a system for auto- 
matically determining atrial and ventricular pacing 
thresholds in patients that have normal A-V conduction 
or first degree A-V Hock. The ASD and VSD algorithm 
does not require any special hardware or additional cir- 
cuits to detect whether an A-pace or V-pace at a test 
value captures the atrium or the ventricle, respectively. It 
simply uses the measured A-V conduction of a patient 
within certain time windows to determine CAPTURE or 
LOC. The algorithm measures at least two values for 
each heart chamber and records them in the IPG RAM 
unit 310 or RAM/ROM unit 314 of Figure 3. The stored 
values may be read out by the programmer 40 of Figure 
2 and characterized as Rheobase (amplitude threshold 
at a pulse width of 1 .0 ms) and Chronaxie (pulse width 
threshold at twice Rheobase) as described above with 
respect to Figure 5. 

The stored values for both atrial and ventricular 
pulse width and pulse amplitude will be the actual 
measured values at CAPTURE or LOC or both as deter- 
mined in the course of conducting the atrial and ven- 
tricular pacing threshold tests. The actual stimulation 
threshold data that are stored and later characterized as 
Rheobase and Chronaxie may therefore be selected as 
either the measured value declared as LOC or CAP- 
TURE as described below. 

It is intended that the SD algorithm operate only 
during periods of sleep, and that, if possible, it be initi- 
ated about the same time every night by a programmed 
start time. The SD algorithm establishes a test pacing 
rate for the selected heart chamber that is clinically 
acceptable and not arrythmogenic but is fast enough to 
prevent a patient from breaking through with a sinus 
escape mechanism which thereby causes inhibition of 
the pacemaker or leads to multiple fusion events. In this 
regard, the pacing race during the test should not 
exceed 100 bpm to avoid intolerable patient symptoms 
from pacing rapidly in patients who may have coronary 
artery disease or may be sensitive to rapid stimulation. 
A rate of 60 to 100 bpm is fast enough to prevent intol- 
erable symptoms when a beat is dropped due to LOC. 
Ventricular rate pauses during the recovery from LOC 
described below should be no longer than two seconds. 

The following description of the algorithms is 
divided into sections including the determination of 
ALOC and VLOC and the Atrial SD (ASD) Test and Ven- 
tricular SD (VSD) Tests. The ASD and VSD algorithms 
depicted in Figures 8 and 9 will operate only in DDI(R), 
DVI(R) and DDD(R) modes, i.e. with dual chamber pac- 
ing and sensing enabled with rate response to activity 
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optionally enabled. 

It is inportant to note that the algorithm that deter- 
mines ALOC depends on several things including the 
expected characteristics of the A-V conduction consist- 
ency and delay. For example, the simplest algorithm 
may assume that every A-pace that results in a V-event 
during the A-V interval captures the atrium and every A- 
pace that does not result in a V-event during the A-V 
interval does not capture the atrium. This definition of 
ALOC would work if in every patient the A-V interval 
was very consistent in duration, if there was conduction 
after every A-pace that captures the atrium, and rf pre- 
mature ventricular contractions (PVC's) would not occur 
during the A-V interval. In practice, these conditions do 
not always prevail. 

Consequently, the algorithm for determining atrial 
capture and ALOC is based on the assumption that A-V 
conduction will be quite consistent in a given patient if 
the atrial pacing rate is consistent, and the following 
rules are followed in order. 

First if there is no ventricular sense V-event during 
the entire Pace A-V (PAV) interval following an A-pace 
test stimulus, then ALOC is declared. It is assumed that 
the A-pace test stimulus was below the atrial stimulation 
threshold. 

Second, rf there is a ventricular sense V-event dur- 
ing the PAV following a first A-pace test stimulus, then it 
must be determined whether the V-event resulted via 
the patient's A-V conduction from the capture of the 
atrium by the A-pace test stimulus or the V-event 
reflects a PVC. If the ventricular sense V-event is within 
the first 1 10 ms of the PAV, the current cycle is ignored, 
and ventricular safety pacing (VSP), if enabled, is 
allowed to pace the ventricle at the backup, pro- 
grammed. V-pace values. The detection of a V-event 
within the 1 10 ms window signifies the occurrence of a 
PVC. because the normal, conducted, ventricular depo- 
larization, triggered by a preceding atrial depolarization, 
at the maximum A-pace rate of 100 bpm employed in 
the threshold test regimen in humans exceeds 1 10 ms. 
If this occurs, the atrial stimulation threshold test at the 
same A-pace test stimulus values is repeated following 
the lapse of the programmed number of A-A interval 
Cycles Between Beats (defined below). 

If the ventricular sense V-event is within the PAV 
and after the first 1 1 0 ms, the A-CAPTURE condition is 
declared or defined. Then, the A-pace test value is dec- 
remented, and the lower energy A-pace test stimulus is 
delivered after the requisite Cycles Between Beats. 

Figure 6 is a highly simplified timing diagram of a 
series of pacing cycles illustrating these principles with 
regard to the ALOC determining algorithm. The sym- 
bols 'a' and b' each represent the test and fixed values 
of each A-pace test stimulus (pulse width and amplitude 
test values and fixed values defined below) delivered at 
a test A-A interval along a time line. The symbol 'C 
appearing above the time line means that a ventricular 
sense V-event occurred during the PAV after the imme- 



diately preceding A-pace test value indicated as the 
adjacent vertical line below the time line. The symbol 
'NC* above the time line means that the pacemaker 
paced the ventricle at the end of the PAV interval with 

5 the programmed V-pace output settings. In the illus- 
trated example, 'SEN* appearing above the time line 
means that a ventricular sense V-event occurred during 
the first 1 10 ms of the PAV initiated by the A-pace test 
stimulus of test value 'a* or was detected in the immedi- 

w ately preceding V-A interval. The symbol 'BAK* denotes 
delivery of an A-pace pulse that uses the programmed 
A-pace output energy settings following the NC beat. 
Figure 6 thus depicts associated events illustrating the 
principles of ALOC and A-CAPTURE discrimination. 

is In Figure 6. the first test A-pace pulse delivered at 
test value 'a' results in A-V conduction outside the 1 10 
ms window. Therefore. A-CAPTURE at the test value 'a' 
is assumed and declared, and the test value of the next 
A-pace test stimulus is decreased to b\ For first test 

20 value *b\ the first A-pace test stimulus results in no 
detected V-event over the entire PAV interval. This result 
indicates that the A-pace test stimulus did not capture 
the atrium, causing the algorithm to declare ALOC, and 
the pacemaker to deliver the programmed V-pace at the 

25 end of the PAV interval. This pacing cycle is followed by 
at least one backup pacing cycle that uses the pro- 
grammed atrial and ventricular pace pulse output set- 
tings at BAK. 

Continuing with a further example in Figure 6, the 

30 test value 'a' of the A-pace test stimulus is repeated 
after the backup pacing cycle or at another time and 
results in a V-event within the 110 ms window that is 
classified as a SEN. This beat is ignored. The next A- 
pace test stimuli at test value 'a' results in a V-event 

35 sensed outside the 1 10 ms window indicating capture 
and A-V conduction. Therefore, A-CAPTURE is 
declared, and the A-pace test value is decreased to b\ 
At the reduced energy level *b\ the first A-pace test stim- 
ulus results in no V-event detection in the PAV interval 

40 indicating a lack of atrial capture and/or A-V conduction, 
causing the algorithm to declare ALOC. Again, this pac- 
ing cycle is followed by at least one backup cycle that 
uses the programmed atrial and ventricular output set- 
tings. 

45 In accordance with an embodiment of the present 
invention described below, the stimulation threshold is 
confirmed by next providing a series of three Insurance 
Beats at the previous energy level at 'a* to confirm A- 
CAPTURE at that energy. Alternatively, the confirmation 

so of the threshold may be determined by repeating the 
delivery of the A-pace test stimulus at the energy level 
t>\ Alternatively, each time an energy level results in A- 
CAPTURE. the same energy level may be repeated 
before the energy level is decreased. 

55 Thus, ALOC is declared when it is unambiguous 
that the test value of the A-pace test stimulus is reduced 
to a point where conducted ventricular events are not 
present because the atrium was not captured. The set- 
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ting of the A-A and PAV test intervals is set forth below 
in relation to the algorithms of Figures 8 and 9. 

ventricular loss Qf Capture (VLQC) 

5 

As with ALOC. Ventricular Loss Of Capture (VLOC) 
depends on several things including the expected char- 
acteristics of the A-V conduction consistency and delay. 
For example, the simplest VLOC and V-CAPTURE algo- 
rithm may assume: io 

(1) that every suprathreshotd V-pace delivered 
early in the A-V interval after an A-event or A-pace 
will prevent V-event detection for a period equal to 
the Ventricular Refractory Period (VRP); and is 

(2) every subthreshold V-pace delivered early in the 
A-V interval will be followed at the expiration of the 
A-V interval by a conducted V-event (referred to as 
a "VR sense") that also falls in the VRP of that deliv- 
ered test V-pace, because the failure of the sub- 20 
threshold V-pace to capture does not block the A-V 
conduction of the preceding atrial depolarization. 
This definition of VLOC would work fine if PVCs did 
not occur during the VRP, the A-V interval was very 
consistent in duration, and T-Waves of the QRST 25 
complex would not be sensed, triggering a false V- 
event Since these conditions are not likely, the fol- 
lowing algorithm has been devised to determine 
VLOC. This VLOC (and V-CAPTURE distinguish- 
ing) algorithm is based on the assumption that PAV 30 
conduction will be quite consistent in a heart that is 
paced at a fixed A-A test pacing escape inter- 
val/rate. 

First, if there is no ventricular sense or V-event dur- 35 
ing the VRP following a V-pace test stimulus applied at 
the end of the test PAV interval, then V-CAPTURE is 
declared. Second, if there is a V-event sensed during 
the VRP following such a V-pace test stimulus, then 
VLOC is declared. Following each declared VLOC, at 40 
least one A-pace and V-pace cycle is delivered using 
the programmed output settings in the next pacing 
cycle. Then, the V-CAPTURE threshold is confirmed by 
applying a series of Insurance Beats at the immediately 
preceding, greater V-pace test value and looking for V- 45 
CAPTURE. 

Figure 7 illustrates the operation of the VLOC algo- 
rithm in a series of situations wherein the symbols 'a* 
and to' each represent a V-pace test value. The symbol 
"C* means no V-event is detected in the VRP after the V- so 
pace test stimulus (no VR sense) indicated below the 
line. The symbol *NC* means that a V-event is detected 
in the VRP after the associated V-pace test stimulus. In 
these illustrations, the symbol 'SEN' means that a PVC 
occurred in the absence of a preceding V-pace test ss 
stimulus. The symbol 'BAK 1 denotes delivery of a V- 
pace pulse at the programmed output energy pulse 
width and amplitude settings. 



In Figure 7, the first V-pace at the test value 'a' 
delivered into a PAV is not followed by a VR sense. 
Therefore. V-CAPTURE is assumed and declared, and 
the V-pace test stimulus test value is decreased to *b\ At 
test value t>\ the first V-pace test pulse is followed by a 
VR sense, causing the algorithm to declare VLOC. This 
A-A escape interval pacing cycle is followed by a 
backup A-A escape interval cycle that uses the pro- 
grammed atrial and ventricular output settings at BAK. 

Continuing with a second example in Figure 7, the 
V-pace test stimulus at test value 'a' pulse is classified 
as a SEN, because a PVC occurred and was detected 
as a V-event (not shown) during the V-A interval imme- 
diately before this V-pace test stimulus. It is unlikely that 
the PVC occurring in the V-A interval will be detected as 
a V-event in the PAV interval, but the timing sequence 
could cause errors. Consequently, this beat is ignored. 

The next V-pace test stimulus at test energy 'a' is 
not followed by V-event in the VRP. Therefore, V-CAP- 
TURE is assumed and declared, and the V-pace test' 
stimulus test value is decreased to test value t>\ At test 
value *b\ the first V-pace test stimulus is followed by a V- 
event during VRP, causing the algorithm to declare 
VLOC. Again a backup pace cycle follows. 

The above described ALOC and VLOC algorithms 
are embodied in the ASD and VSD algorithms of Fig- 
ures 8 and 9 which are intended to be read together in 
the following descriptions of the ASD Test and the VSD 
Test. The ASD and VSD Test algorithms are intended to 
derive S-D curve threshold data based on ALOC and 
VLOC at both amplitude and pulse width test values for 
storage in the microcomputer RAM for later telemetry 
out on command and for automatically adjusting the 
stimulation thresholds upward and downward for the 
period between successive invocation of the ASD and 
VSD algorithm. A number of the sets of ASD and VSD 
data values may be stored in RAM to telemeter out to 
show threshold trends over time. 

In the ASD Test, as well as the VSD Test described 
below, the underlying time out of the specified intervals 
and the delivery of the A-pace and V-pace pulses 
described hereafter is governed by the operating pro- 
gram of the IPG generally depicted in Figure 4 and 
described above. The ASD and VSD algorithms of Fig- 
ures 8 and 9 provide the operating time intervals and 
test and fixed pace pulse and stimulus values to the 
general operating program and monitor events derived 
from the operation of the IPG as described above. 

Atrial Strength-Duration (ASP) Test 

The combined ASD and VSD algorithm is prefera- 
bly invoked as described above during a patient's sleep, 
when the heart is normally at its rest rate and activity 
induced rate variation is minimal. Immediately after 
being triggered, e.g. by a built-in clock providing the 
time of day, the ASD Test commences at block 500 in 
Figure 8 and measures eight, consecutive, intrinsic A-A 
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intervals in block 502 to determine what A-A pacing 
escape interval, called the Test Rate Interval, to use 
during the ASD and VSD Test Atrial refractory senses 
are ignored during this measurement. The intrinsic 
intervals measured exclude atrial refractory sense 
events. 

The minimum of these eight consecutive A-A inter- 
vals is called the Measured Interval. At blocks 504 and 
506. the ASD Test will be terminated if the Measured 
Interval is less than 800 ms (heart rate is measured to 
be above 75 bpm) to aid in accurate measurement of 
pacing thresholds by reducing the chance of timing con- 
flicts between the pacemaker and the intrinsic atrial 
rate. In block 508, the Test Rate A-A Escape Interval for 
the ASD Test is set equal to the Measured Interval 
minus 200 ms, and the initial PAV is set at 250 ms. In 
DDD and DDDR modes. Non-Competitive Atrial Pacing 
(NCAP) is enabled and Post Ventricular Atrial Refrac- 
tory Period (P VARP) is forced to 400 ms during the ASD 
Test. In DDI and DDIR modes, PVARP is forced to 400 
ms during the ASD Test. 

After the Test Rate A-A Escape Interval is set. eight 
beats are delivered using the initial PAV interval of 250 
ms to allow for measurement of the intrinsic A-V con- 
duction time interval in block 508. During these eight 
beats, all A-V intervals must end in a V-event as deter- 
mined in block 510. If this doesn't happen, the ASD Test 
is terminated in block 512, and the Escape Interval, 
PAV f NCAP and PVARP are returned to the pro- 
grammed settings. If all PAV intervals do end in a V- 
event, the maximum measured A-V interval is used to 
set the Max PAV interval equal to the maximum meas- 
ured PAV plus 30 ms in block 514. 

Each ASD Test will begin with an A-pace test stim- 
ulus set to the current programmed or operating pulse 
output amplitude and al.Oms pulse width as set in 
block 516. A-pace test stimuli will be delivered once 
every Cycles Between Beats, where the Cycles 
Between Beats is an adjustable value (range 0-7). 
Cycles Between Beats thus represents the number of 
pacing cycles of A-pace and P-pace stimuli to be deliv- 
ered at the initial programmed or operating pulse ampli- 
tude and width values between test cycles that contain 
A-pace test stimuli, ft should be noted that the illustra- 
tions of Figures 6 and 7 have Cycles Between Beats set 
at zero for simplicity of illustration. 

Tlie test value parameter being changed initially 
during the ASD Test is pulse amplitude which will 
decrease as A-pace test stimuli are delivered until a test 
value results in the declaration of ALOC. The next set of 
three A-pace test stimuli uses the amplitude value from 
the immediately preceding set of A-pace test values that 
previously resulted in the declaration of A-CAPTURE. 
These three test stimuli are called Insurance Beats and 
they may be separated by the programmed Cycles 
Between Beats. In block 516, an Insurance Beat coun- 
ter is initially set to zero. The Insurance Beats are 
employed and counted in steps 546 - 552 described 



below. 

The Number of Senses refers to the count of 
Sensed events that occur inappropriately during the SD 
test regimen, ff an A-event or a V-event (PAC. PVC. 

5 refractory ventricular sense or ventricular sense after an 
atrial refractory sense) occurs during the V-A interval 
before an A-pace test stimulus or if a V-event occurs 
during the first 110 ms of the PAV interval, then the A- 
pace test stimulus is aborted for the current test cycle 

io and continued on the next test cycle with the same test 
value. This restriction includes A-event senses during 
PVARP. If, during the course of the ASD test, more than 
25 cycles contain Senses as described above, the ASD 
Test will abort At block 516, the Number of Senses 

is counter is also initialized by setting the Number of 
Senses to zero, ft is expected that a maximum number 
of aberrant A-event and V-event senses to be allowed 
would be of the order of 25 to allow for an infrequent 
PAC or PVC while avoiding pacing at the increased fixed 

20 rate in the presence of over sensing or a relatively con- 
stant tachyarrythmia. 

After all counts and the starting test value is estab- 
lished in block 516, the ASD algorithm continues to 
await the completion of the programmed Cycles 

25 Between Beats in block 518. When the A-pace test 
cycle occurs, the A-pace test stimulus is generated, 
starting the A-A test cycle period, and the steps of 
blocks 518 - 560 of Figure 8 are initiated. At decision 
block 520, the Number of Senses count is checked, as 

30 is the current state of the test value and the activity 
counter. An ongoing calculation of the activity level of 
the patient is conducted in parallel in the rate determina- 
tion algorithm in response to the signal on line 324 of 
Figure 3. If the sensor derived escape interval/pacing 

35 rate is greater than a resting rate (defined as a pro- 
grammed or calculated value between the lower rate 
and the upper rate), then the patient is considered to be 
active, the ASD test is terminated, and the VSD Test 
algorithm is initiated in block 522. Similarly, if the 

40 Number of Senses equals 25 or if the maximum pulse 
width or amplitude is reached in the respective thresh- 
old tests of each energy variable, then the VSD Test 
algorithm is commenced in block 522. As indicated 
below, if these conditions persist, then the VSD Test 

45 algorithm will also be terminated. 

Assuming that the ASD Test continues, a further 
invalid V-event may occur if a PVC V-event is sensed in 
the V-A interval. If this is the case, as determined in 
block 524, then each such instance is also counted in 

so Increment Number of Senses block 526. If the A-A test 
escape interval times out instead, the A-pace test stim- 
ulus is generated and the algorithm moves to block 530 
to examine the response during the PAV interval. 
At block 530, the occurrence of a V-event due to a 

55 ventricular depolarization during the PAV interval is 
looked for. If the V-event does not occur during the PAV 
interval, then ALOC is assumed and declared in block 
532. In block 532, the test value is incremented so that 
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the insurance Beats may be delivered at the incre- 
mented value, and the backup A-pace pulse at the pro- 
grammed pulse width and amplitude is forced to be 
delivered at the next pacing cycle, if the Cycles Between 
Beats is set to zero. When Cycles Between Beats is pro- 
grammed other than zero, the next A-pace pulse would 
be at the programmed or the previously determined 
pulse energy in any case. 

If there is a V-event sensed, then it is determined in 
block 534 whether or not it fell within the 1 1 0 ms window 
from the start of the PAV interval. If it did, then the 
Number of Sense count is again incremented in block 
536. If not then it is presumed that A-CAPTURE has 
occurred, and in it is determined whether the capture 
was the result of one of the Insurance Beats previously 
generated due to an earlier ALOC in block 546. The 
Insurance Beats count is examined in block 546. and if 
it is not greater than zero, then the test value is decre- 
mented, and the wait for Cycles Between Beats is com- 
menced in block 518. 

If the count of Insurance Beats is greater than zero 
(as set on ALOC in block 532) but less than three, as 
determined in block 550, then the Insurance Beats are 
being delivered. On each delivery, the count of the 
number of Insurance Beats is incremented in block 552. 
Again, the wait for Cycles Between Beats is com- 
menced in block 518 between the delivery of each 
Insurance Beat. 

If ALOC is again encountered during the delivery of 
any of the Insurance Beats, then in block 532, the test 
value is again incremented, and the delivery of the three 
Insurance Beats at the new test value is repeated. 

After three Insurance Beats are delivered at the 
same test value and A-CAPTURE is declared for ail of 
them, as determined in block 550. then the test value 
output parameter being varied as the current test value 
is examined in block 554. If it is still the pulse amplitude, 
then in block 558 a number of conditions are set to 
record the pulse amplitude test value at ALOC. switch 
the test value to pulse width and the fixed value to pulse 
amplitude, and repeat the testing as width is reduced to 
ALOC. As depicted, the Rheobase value is set at the 
last test value of pulse amplitude and stored in the IPG 
RAM. The test values for both pulse amplitude ALOC 
and the A-CAPTURE value of the Insurance Beats may 
be stored in IPG RAM, and either one may be charac- 
terized as Rheobase. The pulse amplitude initial setting 
for pulse width ALOC determination is then set to twice 
the Rheobase value. Then the algorithm loops back, 
and the wait for Cycles Between Beats to elapse is com- 
menced in block 51 8. 

Thus, after the ASD pulse amplitude test is finished 
and Rheobase has been found, the ASD pulse width 
test is started. The steps 518 - 554 are repeated as 
pulse width is decreased by one step for each set of test 
values. When an atrial pulse width test value results in 
ALOC, the next set of three atrial test stimuli Insurance 
Beats use the pulse width value from the last set of test 



values that resulted in A-CAPTURE. 

ff all of the Insurance Beats result in A-CAPTURE, 
the pulse width test value at ALOC or last A-CAPTURE 
is recorded as Chronaxie in block 556 and stored in IPG 

5 RAM. The atrial pulse width test values of both the 
Insurance Beats and at ALOC may be stored in IPG 
RAM. The ASD threshold test is completed, and atrial 
pulse amplitude and width are returned to their pro- 
grammed values for the duration of the VSD test. 

io As noted above with respect to block 520, if the 
amplitude reaches maximum voltage (e.g. 6 V) during 
the amplitude test, or the pulse width reaches maximum 
width (e.g. 1 .5 ms) during the pulse width test, or if the 
sensor rate exceeds the resting rate while the ASD test 

is is in progress, the atrial stimulation threshold test is 
aborted in block 522, and zero Rheobase and Chron- 
axie values are recorded to indicate a search failure. 

Ventricular Strength-Duration (VSD) Test 

20 

The VSD Test algorithm is similar to the Atrial SD 
Test and commences at block 566. The parameter 
being changed during the VSD Test, either pulse width 
or amplitude is likewise called the test value, and the 

25 fixed parameter is the fixed value. For the first part of the 
VSD Test, the amplitude will decrease until a test value 
resufts in the declaration of VLOC. The next set of three 
Insurance Beat ventricular test stimuli uses the ampli- 
tude value from the preceding set of test values that 

30 resulted in the declaration of V-CAPTURE. 

If all of the Insurance Beats result in V-CAPTURE, 
the amplitude value is recorded as rheobase, the output 
amplitude is doubled and the pulse width is reduced by 
one step. If any of the Insurance Beats result in VLOC, 

35 the algorithm assumes that capture was lost and 
attempts the next greater amplitude step, repeating 
Insurance Beats at the new test value. 

These cases are identical to those of the ASD Test, 
and the description in that section with respect to blocks 

40 518 - 560 is largely applicable to blocks 572 - 598 of Fig- 
ure 9. The principle of VLOC and V-CAPTURE declara- 
tion is different in that the absence or presence of a V- 
event in the VRP following the delivery of the V-pace 
test stimuli at the end of the short PAV interval is 

45 declared to be V-CAPTU RE or VLOC, respectively. The 
V-event during the VRP following the V-pace test stimu- 
lus is examined in block 580. 

The VSD Test will be initiated following the ASD 
Test in blocks 566. and the PAV (and SAV in DDD[R]) is 

so set to 30 ms during the VSD Test in block 568. Each 
VSD Test will begin with pulse amplitude designated as 
the test value, and the initial V-pace test stimulus set to 
the current output amplitude and a 1 .0 ms pulse width in 
block 570. The counts of the Number of Senses and the 

55 number of Insurance Beats are also set to zero in block 
570. Test stimuli will be delivered once every Cycles 
Between Beats, where Cycles Between Beats is again 
the adjustable value (range 0-7). As in the ASD Test, the 
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Cycles Between Beats represents the number of pacing 
cycles to be delivered between cycles that contain test 
stimuli. 

After block 572 is satisfied, the count of the Number 
of Senses is examined in block 574, and if the count is 
25. then the VSD Test is terminated in block 578. If the 
amplitude reaches 6 V during the amplitude search or 
the pulse width reaches 1.5 ms during the pulse width 
search while the Ventricular SD test is in progress, the 
VSD Test is aborted, and zero rheobase and chronaxie 
values are recorded to indicate a search failure. 

At block 576, the decision block acts on the occur- 
rence of a PVC or PAC Sense or the end of the A-A test 
escape interval. If a PVC or PAC Sense occurred, then 
the count of the Number of Senses is incremented in 
block 578. the cycle containing the V-pace test stimulus 
is ignored, and ventricular threshold test continues on 
the next cycle in block 572. 

if the A-A escape interval ended with delivery of an 
A-pace, then the algorithm waits in block 580 for the 
delivery of the V-pace test stimulus after the 30 ms. PAV 
delay interval and for the occurrence of a V-event during 
the VRP started at delivery of the V-pace test stimulus. 
If a V-event is detected in the VRP, then VLOC is 
declared, and the test value is incremented for the 
Insurance Beat value, the backup pacing cycle is 
forced, if necessary, and the Insurance Beats count is 
set to one in block 582. 

If a V-event is not detected in the VRP at block 580, 
then V-CAPTURE is declared, and the Number of Insur- 
ance Beats is examined in block 584. If the number is 
zero, then the test value is decremented in block 586 
and the algorithm loops back to block 572 to test at the 
lower amplitude V-pace test stimuli. The pace test 
cycles repeat through blocks 572 - 586 until VLOC is 
declared, and the Insurance Beats are delivered three 
times per blocks 588 and 590. 

The operation of delivering the Insurance Beats, 
recording the Rheobase value, setting the pulse ampli- 
tude fixed value and starting the VSD test with pulse 
width as the test value through blocks 584 - 592 is the 
same as described above with reference to blocks 546 - 
554. As described above, both the VLOC and Insurance 
Beat pulse amplitude test values may also be stored in 
IPG RAM and one may be recorded or used as the 
Rheobase value. Then the VSD Test repeats for ven- 
tricular pulse width as the test value. 

When the pulse width VLOC value is arrived at and 
the Insurance Beats are delivered, the Insurance Beat 
V-CAPTURE test value is recorded as the VSD Chron- 
axie value in block 596. The Insurance Beat and VLOC 
pulse width test values may also both be stored in IPG 
RAM. The V-pace pulse width and amplitude values are 
restored to the programmed value in block 596. and the 
VSD Test is terminated in block 598. 

Thus, as the stimulation threshold data is derived in 
the ASD and VSD algorithms, the ALOC and VLOC 
pulse width and amplitude test values as well as the A- 



CAPTURE and V-CAPTURE test values confirmed as 
Insurance Beats are stored in RAM 312 or RAMXROM 
unit 314 for telemetry out on command of the external 
programmer 40. The data may be depicted in ASD and 

5 VSD curves on the programmer display 112 or printed 
out on the printer 1 14 in a manner well known in the art 
using either or both sets of CAPTURE and LOC data. 

Within the IPG circuit 300, the data may be used to 
establish or confirm the prior V-pace and A-pace pulse 

10 width and amplitude settings. The general operating 
program of the IPG in Figure 4 may also invoke a reset- 
ting of the A-pace and V-pace pulse widths and ampli- 
tudes as a function of the stored values. 

is Simplified Single Chamber ALOC and VLOC Determi- 
nation 

In a further embodiment of the present invention, 
the general inventive concept (embodied above in the 

20 VSD algorithm) of injecting a test stimulus prematurely 
within a pacing cycle, monitoring for a sensed event in a 
time window when a natural or conducted depolariza- 
tion would be expected to follow a preceding natural or 
conducted depolarization, and declaring the absence of 

25 the sensed event as CAPTURE by the injected test 
stimulus and the presence of the sensed event as LOC 
may also be applied in a single chamber pacemaker 
context or operating mode for testing either atrial or ven- 
tricular stimulation thresholds or in a dual chamber 

30 pacemaker context or operating mode for sequentially 
testing for ALOC and VLOC and deriving ASD and VSD 
threshold data. The algorithm of Figure 10 provides an 
alternative threshold testing mode in dual chamber 
IPGs implanted in patients who do not enjoy normal A- 

35 V conduction and have second or third degree block. 
The selection of the particular algorithm to be used in a 
given patient may be a programmable option in that 
context. 

Specifically, in patients having regular, intrinsic 

40 atrial and/or ventricular sinus rates but not necessarily 
having intact A-V conduction or first degree block, the 
alternative ASD and/or VSD algorithm as shown in Fig- 
ure 10 may be invoked periodically to test for pulse 
amplitude and width stimulation thresholds. In Figure 

45 10, the ASD test is particularized for the example of 
testing the atrial threshold and is initiated at block 600. 
The patient's intrinsic atrial sinus rate is monitored for a 
number of consecutive cycles in block 602. In block 604, 
the A-A interval lengths (or the average value thereof) 

so are compared to the minimum interval, and the test is 
abandoned in block 606 if the intrinsic rate is too great, 
as in blocks 500 - 506 of Figure 8. If the instantaneous 
or average rate is slow enough, then it is checked for 
regularity in block 608. If the measured A-A intervals are 

55 irregular beyond a certain range of regularity, then the 
test is also abandoned in block 606. 

If the sinus rate is slow and regular enough to pro- 
ceed, then the test escape interval for the test stimuli to 
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be injected prematurely in the sinus A-A escape interval 
is set in block 610 to be. for example. 50% of the aver- 
age measured interval. During an appropriate Not 
Reset Window (NRW) interval or sense test window fol- 
lowing the delivery of the test stimulus to the heart 5 
chamber, the sense amplifier for sensing depolariza- 
tions of that same chamber is operated (after an appro- 
priate blanking interval less than about 100 ms) to 
detect the following natural depolarization of the heart. 
The interval from the delivered test stimulus to the w 
occurrence of the next sensed A-event is timed and the 
timeout is compared to the NRW. This insures that an A- 
event detected during the NRW will more likely than not 
be a natural depolarization occurring at about the aver- 
age measured escape interval from the preceding A- /5 
event that signifies that the test stimulus was insufficient 
to capture, and ALOC is declared. If the A-event is 
sensed after the NRW, A-CAPTURE is assumed and 
declared. In block 612, NRW is set to the test escape 
interval (50% of the average measured A-A interval) 20 
plus 100 ms, for example. 

In block 614, the test value is selected as pulse 
amplitude, the pulse width is set to 1.0 ms, and the 
Insurance Beats are set to zero. In this SD test, the 
Number of Senses previously employed is not consid- 25 
ered relevant. At this point, the algorithm of Figure 10 
moves to block 616 to wait for the programmed Cycles 
Between Beats to count down to zero (it may be set at 
zero). Then in blocks 618 - 640 the pulse amplitude and 
pulse width LOC and Insurance Beat CAPTURE test 30 
values are determined in a manner analogous to that 
method described above with reference to blocks 572 - 
598 of Figure 9 with certain differences. 

The first principal difference is that the test stimuli 
are commenced at a test pulse energy level in pulse 35 
amplitude or width that is certain to result in LOC, and 
the pulse amplitude or width is increased stepwise until 
CAPTURE is declared for the pulse width or amplitude 
test value. A second difference is that the Insurance 
Beats are set to be repeated after the delivery of a 40 
backup cycle, if necessary, at the CAPTURE threshold 
to verify the stimulation threshold. Since CAPTURE 
results in an elevated heart rate, it is desirable to avoid 
unnecessary repetition of the high rate pacing of the 
heart chamber. 45 

In blocks 618 and 620, the ASD algorithm is aban- 
doned at maximum pulse width or amplitude, and a 
VSD test may be started at block 600, if the algorithm is 
enabled for both chambers in a dual chamber pace- 
maker. At this point, the delivery of the next A-pulse at so 
the test value and the test escape interval (i.e., the atrial 
test stimulus) is enabled to be delivered following the 
next A-event in the general operating algorithm of the 
IPG. At block 622, the A-sense time interval after deliv- 
ery of the test stimulus is compared to the NRW, and if 55 
it is less than the NRW, ALOC is declared for that test 
value. In block 626, the Insurance Beat count is com- 
pared to zero, and if it is still zero (signifying that A-CAP- 



TURE was not previously declared), then the atrial 
pulse amplitude test value is incremented. The next 
higher pulse amplitude atrial test stimulus is then deliv- 
ered after satisfying blocks 61 6 - 620. 

If the test stimulus energy is sufficient to capture the 
atrium, then the test A-pace to A-sense interval will 
exceed NRW in block 622, and the Insurance Beats 
count is incremented and a backup cycle is forced in 
block 624. if the Cycles Between Beats is programmed 
at zero. The next two A-pace test stimuli are delivered at 
the same pulse amplitude test value energy until block 
630 is satisfied. When the delivered number is three, 
then, since the test value is pulse amplitude, A-CAP- 
TURE for pulse width is declared, the Rheobase is set 
to the A-CAPTURE pulse width test value, and the con- 
ditions for commencing the threshold test for A-pace 
pulse width are all set in block 636. 

The starting A-pace test stimulus pulse width is set 
to the minimum in block 636. and the steps 616 - 634 
are repeated as the pulse width is increased until A- 
CAPTURE is again declared at the threshold pulse 
width. The Chronaxie test value is recorded, and normal 
A-pace pulse amplitude and width are re-confirmed in 
block 638. If programmed, then the VSD test is con- 
ducted in block 640. In this example, the VSD test is 
identical to the ASD test of blocks 600 - 640. with appro- 
priate test values pre-selected. Although the SD algo- 
rithm of Figure 10 is particularly characterized for ASD 
testing, it will be understood that the algorithm may be 
used for VSD testing alone in the same fashion, using 
the ventricular pulse generator and sense amplifier. 

Although the above described ASD and VSD algo- 
rithms of Figures 8-10 contemplate being invoked at a 
particular time of day when a patient is at rest, it will be 
understood that the principles of the invention may be 
invoked at other times to test for LOC. In blocks 516, 
570 and 614, the Cycles Between Beats are set so that 
the delivery of the test stimuli may be either sequential 
or separated by normal pacing cycles up to a program- 
mable maximum number. It will also be understood that 
the inventive stimulation and detection concepts may be 
employed to periodically test either ventricular or atrial 
capture in a shortened test escape interval by delivering 
a test A-pace or V-pace stimulus at a selected reduced 
energy so that a record of each declared A-CAP- 
TUREAf-CAPTURE or ALOC/VLOC can be stored in 
IPG RAM with the associated time of day and/or other 
operating conditions for later telemetry out and diagnos- 
tic study. For example, such a record may be compiled 
correlated to the patient's activity level or current pacing 
rate as determined contemporaneously by the activity 
sensor. 

The algorithms presented in Figures 8-10 and the 
above variations may also be simplified and performed 
with simple reductions in pace pulse energy, e.g. pulse 
amplitude or width or preset combinations of both, with- 
out deriving S-D threshold data in the manner 
described. In addition, the threshold tests following the 
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principles of the present invention may be invoked by 
remote triggering employing the programmer or a sim- 
plified triggering device. 

Although the present invention is described in con- 
junction with a microprocessor-based architecture, it will s 
be understood that it could be implemented in other 
technology such as digital logic-based, custom inte- 
grated circuit (IC) architecture, if desired. It will also be 
understood that the present invention may be imple- 
mented in dual-chamber pacemakers, cardioverters, 10 
defibrillators and the like. 

The present invention is divided from EP-A- 
0776233. 

Claims 75 

1. A dual chamber pacemaker pulse generator for 
attachment with atrial and ventricular pacing and 
sensing electrodes (20,22,28,30) for pacing a 
patient's heart in the atrium and the ventricle at 20 
adjustable atrial and ventricular pacing pulse ener- 
gies comprising: 

variable escape interval timing means (324) for 
establishing an atrial normal pacing rate 25 
escape interval and an atrial test escape inter- 
val; 

atrial pace pulse generator means (300) for 
generating an atrial pace pulse at said atrial 
electrodes at the end of said atrial normal rate 30 
escape interval in the absence of an atrial 
sensed event signal at a normal pace pulse 
energy; 

atrial sensing means (360) coupled to said 
atrial electrodes (20,22) for generating an atrial 35 
sensed event signal in response to a natural 
depolarization of atrial tissue during at least a 
major portion of said atrial normal rate escape 
interval; 

atrial-venricular delay timing means (324) for 40 
establishing an A-V delay interval commencing 
in timed relation to an atrial sensed event sig- 
nal or an atrial pace pulse; 
ventricular sensing means (360) coupled to 
said ventricular electrodes (28,30) for generat- 45 
ing a ventricular sensed event signal in 
response to a depolarization of ventricular tis- 
sue; 

ventricular pace pulse generator means (300) 
for generating a ventricular pace pulse at said so 
ventricular electrodes at the end of said A-V 
delay interval in the absence of a ventricular 
sensed event signal detected within said A-V 
delay interval; 

means (302) for establishing a ventricular 55 
refractory period time interval delivery of a ven- 
tricular pace pulse; 

ventricular stimulation threshold test means 



(302) periodically operable for initiating a ven- 
tricular stimulation threshold test further com- 
prising: 

means for operating said escape interval timing 
means at an atrial pace test escape interval 
and said atrial-ventricular delay timing means 
at a test A-V delay interval commencing in 
timed relation to the delivery of an atrial pace 
pulse; 

means for operating said atrial pace pulse gen- 
erator means to generate an atrial pace pulse 
at the end of the atrial pace test escape interval 
at an atrial pace pulse energy sufficient to 
ensure that atrial capture is achieved and that a 
conducted ventricular depolarization follows 
outside said test A-V delay interval; and 
means for initiating the delivery of a ventricular 
pace test stimuli by said ventricular pace pulse 
generator means at the end of said test A-V 
delay interval which is timed to render the 
patient's ventricle refractory to subsequent 
depolarization by the conducted ventricular 
depolarization, if the ventricular pace test stim- 
uli captures and depolarizes the ventricle; and 
ventricular capture detection means respon- 
sive to said ventricular sensing means for 
declaring ventricular capture by the absence of 
a ventricular sensed event signal in the ven- 
tricular refractory period following delivery of 
the ventricular pace test stimulus; and 
test pacing cycle repeating means for reducing 
the ventricular pace test stimulus energy and 
repeating the delivery of successive atrial pace 
pulses and ventricular pace test stimuli at each 
test stimulus energy separated by the test 
escape interval and shortened A-V interval of 
the test pacing cycle. 

2. The pacemaker pulse generator of claim 1 wherein 
said ventricular stimulation threshold test means 
(302) further comprises: 

means for setting the atrial test escape interval 
to correspond to an atrial test rate exceeding 
the natural atrial depolarization rate of the 
patient's atrium; and 

means for determining a starting atrial pace 
and ventricular pace test pulse energy that 
consistently results in capture of the patient's 
atrium and ventricle, respectively, at said atrial 
test rate. 

3. The pacemaker pulse generator of claim 1 or 2 fur- 
ther comprising: 

ventricular loss of capture detection means 
responsive to said ventricular sensing means 
for declaring ventricular loss of capture follow- 
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ing the delivery of a ventricular pace test stimu- 
lus by the presence of a ventricular sensed 
event signal detected within the ventricular 
refractory period and for hatting operation of 
said test pacing cycle repeating means. 

The pacemaker pulse generator of claim 3 wherein 
said ventricular loss of capture detection means fur- 
ther comprises: 

means operable in response to a declaration of 
ventricular loss of capture for repeating the 
delivery of ventricular pace test stimuli by said 
ventricular pace pulse generator means during 
the next test pacing cycle at the ventricular test 
pace pulse energy previously declared as ven- 
tricular capture to confirm the threshold cap- 
ture energy over at least two test pacing cycles. 

The pacemaker pulse generator of any of claims 1 
to 4 wherein said test pacing cycle repeating means 
further comprises: 

means for reducing the ventricular pace test 
stimulus pulse width through a series of test 
pacing cycles until ventricular loss of capture is 
declared at a reduced pulse width indicative of 
the ventricular stimulation pulse width thresh- 
old and for thereafter reducing the ventricular 
pace test stimulus pulse amplitude through a 
series of test pacing cycles until ventricular loss 
of capture is declared at a reduced pulse ampli- 
tude indicative of the ventricular stimulation 
pulse amplitude threshold. 

The pacemaker pulse generator of claim 3, 4 or 5 
further comprising: 

means (314) for storing the ventricular test 
pulse widths and pulse amplitudes at ventricu- 
lar loss of capture and/or ventricular capture as 
ventricular threshold test data; and 
means (334) operable on command of a 
remote programmer (40) located outside the 
patient's body for telemetering said stored ven- 
tricular threshold test data to said remote pro- 
grammer. 

The pacemaker pulse generator of claim 3, 4, 5 or 6 
further comprising: 

means for setting the normal ventricular pace 
pulse energy at a normal pace pulse width and 
pulse amplitude exceeding the ventricular loss 
of capture stimulation threshold pulse width 
and pulse amplitude by a safety margin. 
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claims 3 to 7 wherein said ventricular loss of cap- 
ture detection means further comprises: 

means responsive to the ventricular loss of 
capture declared by said ventricular loss of 
capture detection means for providing a 
backup pacing cyde employing greater atrial 
and a ventricular pace pulse energies at the 
end of the following normal escape interval. 



55 



8. The pacemaker pulse generator of any one of 
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